EXPERIMENTAL INVESTIGATION INTO EXPLOSIVE 
WELDING OF TUBE TO TUBE-PLATE 


By 

RAJESH KUMAR BA ID 



DEPARTMENT OF MECHANICAL ENGINEERING 

tXP INDIAN INSTITUTE OF TECHNOLOGY KANPUR 

MAY, 1982 



EXPERIMENTAL INVESTIGATION INTO EXPLOSIVE 
WELDING OF TUBE TO TUBE-PLATE 


A Thesis Submitted 

In Partial Fulfilment of the Requirements 
for the Degree of 

MASTER OF TECHNOLOGY 


By 

RAJESH KUMAR BA ID 


to the 

DEPARTMENT OF MECHANICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY KANPUR 

MAY, 1982 



GEIiTIFICAd'E 


Tliis ±3 to certify that this v:ork osa 
'’Experimental Investigation into Explosive Weld- 
ing of Tube to lube-plate" has been cai'ried out 
by Shri Eajesh Euunar Said under my sun envision 
and it has not been submitted elsewhere for a 
degree. 


May, 1982 



i'xk/v Li- •] V 



( DR. G.S. KADITH ) 
professor 

Department of Mechanical Engineering 
Indian Institute of Technology 
KilJPUR 



ii 


AOKilGWIEDGSIEI^ivS 

I express deep sense of gfatituue and profound 
regards to Dr. G.S. Zainth for his keen interest and invalua- 
ble guidance in bringing up the present Tfork. 

I am thai.'u;ful to Mr. E.C. Gupta? Mr. K.K. V ora, Mr. 

Y.J. Shah, Mr. I.Z. Bhat, Mr. Arun Aggax’wal, Mr. M.S. Panesar 
for their help, su gv.-esti ons and discussions. 

My thanks aice also due to Mr. Merns-nt Gupta, Mr. Rakesh 
Kumar, Hr. Anil Srivastava, Mr. Ra^mraiii, Mr. A.K.S. Chowdhary, 
Mr. S.P. Mamballa, Mr. O.P. Bajaj, Mr. B.P. Bhartia, Mr, R.M, 
Jha, Mr. B.l. Shairaa, Mr, Panna Lai -ir.d Mr. Gushil f'car their 
help at various stages. 

I also wish to thank Mr. Ganguli for his assistance in 
preparing figures. I am thankful to Mr. J.P. Gupta for his 
excellent work in typing this work. 

Finally, I am grateful to my G-TQP matesiNirmal and 
J ay Shankar GURU, Pa,dhi, Anindyo, Firung, Dirac, Tripathi, 

Samal and Dheer Sin;^ for EUCOURAGIMG me throu^out my stay at 
I.I.T. Kanpur, 


RAJISH KOMAR BAID 



COITTBSTS 


CERTIFICATE i 

ACKNOWLEDGMENTS ii 

LIST OF FIGURES iii 

Page No» 

CHAPTER 1 s INTRODUCTION 

1.1 INTRODUCTION 1 

1.2 development of explosive WELDING 1 

1.3 MBCHANIM OF EXPLOSIVE WEI:DING 2 

1.4 WELD INTERFACES 4 

1.5 EXPLOSIVE WELDING OF TUBE TO TUBE-PLATE 6 

1.5.1 Selection of paraaeters for tube 

to tube-plate welding 7 

1.5.2 Tube Bulging 9 

1.5.3 Distortion of adjoining holes 10 

1.6 OBJECTIVE OF THE- PRESENT INVESTIGATION 12 

CHAPTER . 2 ; EXPEREIENTAL INVESTIGATION 

2.1 INTRODUCTION 18 

2.2 DETAILS OF EXPERIMENTS 19 

2.3 ULTRASONIC TESTING 27 

2 . 3.1 Calibration of the Instrment 27 

2 . 3.2 Surface preparation of the test 

piece 28 



Paige No. 


2. 3* 35 Interpretation of output signal 28 

2 . 3.4 Results of the tests 29 

CHAPTER 3 i DISCUS SIGH OF RESULTS 

3.1 BulgiJig of tubes 52 

3.2 Ligaoieiit Distortion 54 

CHAPTER 4 2 COHCLUSIONS AIID SUGGESTICnS EOR 

EURTH ER UORg 

4.1 COITCLL SIGHS 56 

4.2 SUGG-ESTI CHS FOR FURTHER ¥0?J: 57 

APPEHDIX-A 59 


REFERENCES 


61 



Lise OP PIGURES 


PIGURE NO . Page No . 

1. Inclined arrangement for Explosive 

Welding. 15 

2, llie foircation of the metal jet. 14 

2A. Parallel arrangement for Explosive 

Welding. 15 

3» ■ Common configurations for Explosive 

tube to tube— plate welding. 16 

4. Geometry of collapse for tube to tube- 

plate welding, 17 

5. Variable charge position test, 30 

6. Variable charge position test. 31 

7. Results of bulging for variable charge 

position test, 32 

8. Bulged tube (Expt, Ro. 1). 33 

9. Tube vri-th longitudinal crack ( Expt. no. 1). 33 

10. Variable charge wei^t tests 

(solid charge). 34 

10a. Variable charge wei^t tests (solid 

charge) . 35 

11. Tube-plate with a longitudinal crack 

(Expt. no, 6) , 36 

12. Tube-plate showing signs of sheared 

off tube. 36 



XV 


FIgJRE 

13. 

14. 

15. 

16 . 

17. 

18. 

19. 

20 . 

21 . 

22 . 

23. 

24. 

25. 

26 . 

27. 

28. 

29. 

30 . 


JQ. Page Ho . 

Variable charge wei^t tests (Hollow 
charge) • 37 

Results of bulging for variable charge 
wei^j-t tests (Hollow charge). 38 

Bulged tube (Expt. no. 11 ). 39 

Bulged tube (Expt. no, 12). 39 

Tube plate showing a thin longitudinal 
crack (Expt. no, 11). 40 

Multi hole tube~plate with variable 
ligament thickness, 4 I 

Multi hole variable ligament thickness 
tests. 42 

Variation radial deformation of adjoining 
hole with ligament thickness. 43 

Multi hole tube plate with variable 
ligament thickness. . 44 

Calibration of ultrasonic flaw detector, 45 

Arrangement for ultrasonic testing. 46 

Results of Ultrasonic testing: SET-A. 47 

Results of ultrasonic testing ; SET-B(2). 48 

Calibration of instrument. 49 

Signals from no bond region. 49 


Two signals from a test piece on CRT scale. 50 
Two signals from a test piece on CRT scale. 51 
A welded piece (Expt, no, 3 ) shown in two 
halves, 57 


'"X 




E 

!: 

i 



CH^TBR 1 


INTRODUCTION 


1.1 INTRODUCTION 

Explosive welding is a solid state welding process 
wherein coalescence is affected by hi^ velocity impact produced 
by a controlled detonation. The chief advantage of explosive 
welding process is that dissimilar metal combinations can be 
welded. Explosive welding has come to play an in^ortant role in 
many industries [1] such as - Aerospace (all explosively wrided 
honeycomb). Transportation (explosively welded hi^ speed reac- 
tion rail), Chanical process (clad veneers of expensive metal on 
low Carbon steel, fabrication of heat exchangers) , Petroleum 
(bimetallic tubing and collar cladding pip el ines) , Shipbulding 
(hi^ strength Aluminiimi to steel transition plates). Nuclear 
(clad fuel ducts, plugging of defective tubes) , Cryogenic (fabri- 
cation of transition joints). Mining (explosively welded Copper 
grounding devices). Aircraft (wire reinforced Aluminiimi). 

1.2 DBVELOPMELTT OP EXPLOSIVE WELDING 

Explosive welding was noticed during the first world 
war, when hi^-velocity pieces of shaipnel free the disintegra- 
tion of metal casing of ^ells of bembs were observed to stick 
to steel stanchions or other metal surfaces. It was Carl [2] 
who performed experiments with two half -hard brass shims with the 
h^P of a booster charge of hi^ detonation velocity and noted 
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welding under hi^-veLocity impact for the first time. He also 
observed poorly foimed interfacial waves between two shims. 

In late 1950s several research workers started investi- 
gating the process of explosive wading for commercial applications. 
Simultaneously various theories about wave formation at the inter- 
face and selection procedure of wading parameters were proposed. 
Philipchuk [3] noted explosive welding in 1957 and recognised its 
value as a commercial tool by filling a patent application. Other 
early research workers in the fi^d were Davenport and Duvall 
(1961), Cowan and Holt zm an (1959, 1964), Tardif (I960), Holtzman 
and Rudershausen (1962), Boes (1962), Wills and Murdie (1962), 
Polaclyko and Williams (1964), Baron and Costello (1963), Reinheart 
and Pearson (1962), Bahrani and Crossland (1964) and Addison et 
al. (1963). 

1.3 MECHAHISI4 OP EXPLOSIVE WELDIEG 

Explosive Wielding is achieved by placing an explosive 
charge in contact with one or both of the components. On detona- 
tion a pressure pulse' is produced which impaxts hi^ velocity to 
the components. Oxide layers on the surfaces of the ccmponents 
are thus removed by the impact and, thereby, virgin surfaces are 
exposed for the bonding to take place. 

The basic setup for explosive welding is ^own in Pig. 
1(a). (Hie flyer plate and base plate are initially set apart by a 
distance known as stand-off gap 6. The explosive is separated from 
the upper surface of the flyer plate by a thin buffer plate of 
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rubber, cardboaxd or cork -which protects the top surface of the 
flyer plate frcm aaj damage due to detonation of explosive charge. 
When, the charge is detonated, a detonation, -wave propagates throu^ 
the explosive charge at a velocity iHie impulse produced by 

the detonation, front gives a velocity Vp to the flyer plate, which 
continues to move with this velocity until it impacts the parent 
plate. From Fig. 1(b) it is clear that effective an^e of inci- 
dence p between the impacting bodies is scmewhat greater than 
initial an^e a [4]. It is noted from Fig. 2 that 1lie flyer plate 
collapses in such a fashion that it ^pears to be hinged at point S 
at every instant. At the stagnation point S, the pressure is 
extrem^y hi^ as ccmpared to the shear strength of the material 
so that the two materials can be considered as irrviscid fluids [5j. 
The flyer plate divides into two jets as shown in Fig. 2(a) (i) 
salient or main jet (ii) a re-entrant jet. The re-entrant jet 
contains not only the contaminated layer of the flyer plate, but 
also the surface layer of the parent plate. Thus the two virgin 
plate-surfaces come in contact under hi^ pressure resulting in 
welding. Various researchers have shown experimentally that re- 
entrant jet is actually formed in explosive welding resulting in 
a loss of wei^t of the plates after collision [5]. 

Various v^ocity components can be written from Fig. 

1(c) as [4] 


Vp cosa 
V^ - Vp sina 


tan p 


CD 
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V cosa 

Y = — £ 

S' ninp 


( 2 ) 



(3) 


where 

Vp = Velocity of the flyer plate 

Vp = Detonation velocity of the explosive 

Vp = Velocity of flyer plate r^ative to the point of impact 

V^ = Velocity of collision point relative to the base plate 

p = effective angle of incidence 
a = initial an^e of incidence 

Velocity ccmponents for parallel arrangement can be written 
by putting a = 0 in the above expressions. Fig. 2A. 

The inclined set-up is necessary only -sdien the effective 
angle of incidence, p, becomes less than 4^ ^ [4]. This occurs when 
hi^ detonation v^ocity explosives are used. 

1.4 WELD INTERFACES 

The parameters effecting the explosive welding process 
are ; Explosive charge and its detonation velocity Vp, stand-off 
gap 6, initial an^e of incidence a, and properties of iiie flyer 
plate. 
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Depending upon controlling parameters for welding, 
nature of the welded interfaces [6] may he 

(a) Strai^t or direct bond. 

(b) Wavy interface. 

(c) Unifom layer .of solidified melt, 

Ihe following advantages of a wavy interface were pointed 
out by Davenport [7]. 

(i) the waves increase the total area of contacting 
surfaces by several times and expose a larger 
surface on the plates which subsequently bcm.d under 
pressure. 

(ii) very hi^ strains in the thin surface layers greatly 
increase the mobility of the atoms and dislocations 
in these layers. 

(iii) the waves provide a sort of mechanical interlocking 
between the two contacting surfaces. 

Hay [8] concluded that the maxim-urn shear strength of the 
weld corresponds to the wa-vy interface. In the case of strai^t 
bond there are often areas of no bonding, while in the extranely 
turbulent regime beyond the condition of wave fonnation, the ^ear 
strength decreases, due to the foimation of continuous m^ted metal 
zones [6]. But sanetimes a direct interface may esdiibit equally 
hi^ str^gth as that obtained by a wavy interface [9j« Bahr^i 
and Crossland [10] pointed out that ‘waves act as interlocking 
serrations* in the i^ear tests but they further stated that *the 
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w^ds with, taller interfacial waves give better results in 
tension tests and also in the bend test, whereas it was noted 
that larger waves produce stress concentration and sometimes 
are responsible for cracks', 

1.5 EXPLOSIVE WELDISG OP TUBE TO TUBE-PLATE 

The possibility of welding cylindrical surfaces was 
recognized a.s early as 1962, when Holtzman and Rudershasuen[llj 
used implosive and explosive systons for producing duplex tubing. 
Other early researchers in the field of duplex tube wading were 
Doherty and Knop [12] v Blazynski and Dara [13]- But the first 
useful application of explosive wading of cylindrical surfaces 
was that of tube to tube-plate welding which was first recognized 
by Crossland et al. [14]. 

The main use of the technique is in the manufacturing 
of heat- exchangers, where several tubes are to be fixed in a plate. 
At present, heat exchangers are mainly produced by roll bonding 
or conv^ enticnal welding of the ends of the tubes to the plate* 

These methods usually end up wiida various deficiencies. Roll 
bonding often gives a function strength which is insufficient for 
the pressure, toiiperature and vibrations prevailing in many work- 
ing situations. Conventional wading is limited by the fact that 
the weld length is actually no greater than the thickness of the 
tube wall. Tube to tube-plate welding of dissimilar metal combina- 
tions used in a number of applications involving coirosive or 
radiative fluids is difficult to achieve by the convehticnal 
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processes. Explosive welding offers a me-thod of welding over 
most of tile contact area. 

Tube to tube-plate welding can be done by three different 
arrangements as shown in Fig. 3. In the inclined process (Fig. 3(a)) 
patented under the name YMpact, welding can be obtaiined with either 
hi^ or low detonation velocity explosives. An alternative set-up 
(Fig. 3(b)) suggested by Bahrani et al. [15] uses a point charge 
of either high or low detonation velocity explosive, which gives 
rise to a spherical bulge in the tube which, when it impacts the 
wall of the hole in the tube-plate, causes an oblique impact on 
either side of the bulge, fhis produces two zones of welding with 
an area of no bonding directly under the bulge where normal impact 
occurs. The last arrangOTent (Fig. 3(c)) is the parallel tube to 
tube-plate set-up proposed by Grossland et al. [14], which is 
effective only with a low detonation velocity explosive. Various 
velocity ccsnponents involved in the explosive welding of tube to 
tube-plate are shown in Fig. 4. 

1.5.1 Selection of Parameters for Tube to Tube-Plate Welding 

Crossland and Williams [l6] proposed a series of welding 
parameters which formed the basis of the experimental programme 
related to cladding flat surfaces. For tube to tube-plate welding, 
they suggested that the following conditions should be satisfied 
[17]. 
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ii 

they suggested that the following conditions ^ould be satisfied 
[17]. 



8 


(1) Tlie ratios ^e less than unity, 

so that the tube can achieve its required iapact velocity just 
before the impact, where Vggj, and Vg^ are the sonic velocity in the 
tube-plate and tube respectively. 

(2) The effective an^e of incidence, p, should exceed s<xne 
critical value below v^iiich it appears that the thickness of material 
stripped frem the surfaces during impact is probably insufficient 

to raaove the contaminant film, i, e. , angle p dictates the thickness 
of the surface material which is forced into the jet, Shribman et 
al. showed that the amplitude of interfacial waves formed in 

explosive wading daould be greater than the surface rou^ness of 
the plate. Bahrani raid Crossland showed that the amplitude of 
the waves increase with p upto 10-20°, hence it was concluded that 
the minimum value of p is also dictated by surface rou^ness. 

(3) There appears to be a minimum value of impact v^ocity, V^, 
for any given material combination being welded, which d^ends on 
the stronger of the two material, little infoimation in available 
to establish a relaticnship between the critical velocity and static 
mechanical properties. 

(4) The stand-off gap 6 should be at least equal to half the 
tube wall thickness. Fy taking stand-off gap as one-quarter of the 
tube wall thickness, it was found that the weld becomes unacceptable 
unless the explosive charge -is increased. This shows that if the 
stand-off gap is too Email the velocity imparted to the tube before 
it in^acts the tube-plate is too aDaall. Usually the stand-off gap 
is kept inbetween half the wall thickness and wall thickness^ 
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(5) There is a maximum value of surface rou^mess which can 
le tolerated above i-iiich w^d heccffies unacc stable, as stated in 
(2) also. 

(6) Qlie wold surfaces should be free from any contaminants 
such as water, oil and grease. 

Thou^ these welding parameters are not precise but they 
give sufficient infoimation to enable the determination of charge 
wei^t approximately. 

1.5.2 Tube Bulging 

Bulging of the tube behind the tube-plate is one of the 
major problons arising in the wading of tube to tube-plate. Since 
tube to tube-plate welding is a confined process, a very hi^ pro- 
portion of the pressure built-up due to a single asplosion in the 
bore of the tube will dissipate into the nearest lower pressure 
region in front of the tube— plate. This results in an increased 
pressure at the front of the tube-plate which diverts a hi^er 
proportion of energy along the length of the tube and thus causes 
bul^ng behind the tube-plate [18]. With parallel arrangement, 
where length of the wold is greater than that of inclined arrangoiient, 
bulging of the tube becomes more severe. Bulging weakens the tube 
material and restricts the use of the process to low pressure 
applications. Sometimes due to bulging micro cracks appear on the 
tube, which may cause leakage of the fluid flOTid.ng throui^ the tube. 

Various researchers have studied the phencmanon of tube 
bulging under hydrostatic internal pressure. Since explosive wading 



10 


is a contact operation explosive working process, the dynamic 
pressure is at least ten times hi^er thr-n that normally encoiantered 
in static loading [19]. Duffey and Krapp [20] studied the dynamic 
plastic response of a submerged cylindrical contaiwinent vessel. 
However their work cannot he directly applied to tube- to tube-plate 
explosive welding, w-icre the behaviour of the shock front .and 
response of various points on the tube behind the face of the tube- 
plate needs to be kncvna to estimate tube bulging. 

1.5.3 Distortion of fd.j oining Holes 

In the tube to tube-plate welding, another limitation is 
posed by the distortion of tlie holes adjoining a hole in which a 
tube is being explorivoly welded. The distoi-tion for a given explo- 
sive charge is related to ligament thickness, i. o. , distance between 
two adjoining holes i" a tubo-pl-ato. If the distortion is suffi- 
ciently large to coxa o r--, roductior in the hole diameter of the 
adjoining hole, the rcsultiiig redu-:tion in the stand-off gap could 
very seriously affect the quaJLity of the weld lidien a tube is welded 
into the adjoining .acle. In order "'-o use tubo-plate face Sirea. 
economic ally, it is ocsential to use minim-um ligarcont thickness [21]. 
ligament thickness is governed by tho impact energy of the tube 
striking the tube-plare. An increase in the tube wall thickness 
requires an increase i;.a the explosive charge to impart necessary 
tube velocity and interfacial pressure for welding, which in tum 
increases the impact energy of the tube necessit : i.fcg thicker 
ligsanent [22]. 
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In order to sdve the above problan Williams and Grossland 
[21] have done considerable work. They welded seven hole array 
tube~plate simulation with variable ligament thickness as proposed 
by Shribman et al. [25] so that information about distortion of 
adjoining holes could be foiand for six ligament thicknesses in one 
test. Ihey checked the validity of the sioniLation by carrying out 
a number of tests on tube to tube-plate welding by varying the 
ligament thickness. Ihey concluded that ligament distortion depends 
upon the kinetic energy of the explosion. They did most of the 
work on triangular pitching of tubes (^daich houses a greater density 
of tubes per unit area of tube-plate) and plotted distortion of the 
adjoining hole versus ligament thickness at various energy levels, 
and preposed the following relationship; 






^ 1/2 

i5/2 


( 4 ) 


where AR 
(E/o) 


f 


D 

t 

I. 


= radial distortion of the adjoining hole, mm 
= constant for a particular tube-plate material 
= representatii^stress for the tube-plate 

O 

material, MW/n 

= density of the tube material, kg/m"^ 

= inpact v^ocity of the tube, m/sec 
= tube diameter, mm 
= tube wall thickness, mm 
= ligament thickness, mm 
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ihey propojecl a design procedure to calculate centre line 
spacing -with permissible distortion of the adj oining hole so that 
stand-off gap in the adjoining hole should at least he half the 
tube -wall thickness, 

1.6 OBJECTIVE OE 2HI' PEBSBITT INVESTIC-ATIOH 

In order xo carry out wading of tube to tub e-plat e^ it 
is essential that the tube bulging should not exceed acceptable 
limits. Since little information is available on the tube bulging 
due to a cylindrical ciorge, it is proposed to study the plienomenon 
exT.'erimentally. Experiments are also proposed to study ligament 
distorti cn. 

The details of the experimental investigations arc prcvidel 
in the next chapter. 
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FIG. 1 INCLINED ARRANGEMENT FOR EXPLOSIVE WELDING. 







Fie. 2A PARALLEL ARRANGEMENT FOR EXPLOSIVE WELDING 
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F»G.3 COMMON CONFIGURATIONS FOR EXPLOSIVE TUBE TO TUBE PLATE 
WELDING, (a) Parallel arrangement (b) Inclined arrangermnt 
(c) Point charge system with spherical expansion 

1 sTubeplate 2= Tube 3= Explosive charge 4 s Detonator 
5 = Detonation front 6 = Buffer 





FIG.4 GEOMETFPr OF COLLAPSE FOR TUBE TO TUBEPLATE 

WELDING . Vf = Flyer plate (tube )ivelocHy relative to 
point of impact. a Detonation velocity * * Radial 

velocity. Vw = Velocity of weld propagation . taDeto- 
natlon front. 


OlUSmB. 2 


msiJii.EriTAL 


IlIVESTIGATIC. 


2.1 INTRODUCTIOK 


Tijo 0 to txfoe-;'); 
p for £-.11 el ar r aiig em out , 
copper tul oc to mild ot 
cuantity, axid geom?;tr:f 
m oo,Gr r el . ISxp erim c?iit x; 
ST) ocimene to otudy 11 _:i; 


ACit:-; welding; exp ei'i^erts are doneby.-uoing- 
ilxx'jeriBUrrits arc; carried out by welding; 

::;el tub e-pi at es by varying the position, 

01 tnc; chainje. I'be bulging of the tvb.a is 
i.re oj-DO carried out on multi holt.x test 
'.liont diotortion for -variable lig.'imxent tlaick- 


nci 


Ultrasonic "L :;:r:,ing procoduroG is established to check the 
Goundiioss of the 


C :-rim eric •;! lb P'itro^.yGerii-.i. (C-,vK.-N^Oq) explosive is 
used in granular fomi with calorific vrluc. and -idle density as I486 

- f 

cal/gn and 1.4 gi/criU rf.:sp ectively. fhr: d -bo-nation velocity of the 
exjxlCGive is 25^0 m/rcc, -Thcx-tgh the de'tc-x;.. I.i r:-i velocity of the 
explosive varies with -ll.ickness aind densit.y the explosive, ho-w- 
evor, in the preat-nt :i’'v estigati on the c'-i’ o value of ■ detonation 
Velocity ic taken, RUUTO exploder and I.G.I. ITo.S electric detona- 
tor are used. Hiler .':'.hi:;ot ■'vraipped to cy’’ i-ndric^fL form is used as 
buffc-r bet-tyeen tuba tube-plate. 


2.2 DBTA31S OP BUERIllIIT 

Poilowlng sets of experiments are done : 
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Preparation of tubes j 

Pubes of recuired length are cut, and its outer surface 
is carefully marked to measure bulge after welding (Pig, 5(b)). The 
tubes are cleaned with snery paper to reaOTe any contaminant on 
the outer surface. 

Calculation for charge weight : 

To achieve si^ccessful welding, charge wei^t and confi- 
guration is chosen s\;ch that all the requii'e’ments of different 
c onditionslist ed in Section 1,5.1 are satisfied. 

The hnpact velocity is kept hi^er than the minimum 
velocity needed to weld copper tube to mild steel tLibe-plate, 
i, e. , hi^er.than the range of 500-520 m/sec. [4]. 

Tube impact v&Locity is given by Gurney’s equation [24] 

= . j ^ J TVe ^ o) 


where 


Eg = energy/unit mass of explosive which is 
into mec-e.-anical work. 

“s 

“ ° “e + “b 


converted 

( 6 ) 


= mass of explosive/unit length, 
m^^ = mass of tube/unit length, 
nig = mass of buffer/unit length, 
n = factor accounting for the losses 
ranges from 0.22 to 0,26 [25]. 


and its value 
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TiBLE-1. ViElABLE CHAEGE POSITIOl TESTS 
CHARGE ¥EI(2IT = 9.25 


EXPT. 

HO. 

I'A 

(mm) 

(mm) 

(mm) 

RESULT 

1. 

25 

55 

75 

Bulge with. 

1 ongitudinal 
crack. 

2. 

55 

45 

65 

Very small 

Bulge near the 
tuhe— plate face 

5. 

45 

55 

55 

No bulge. 

4. 

55 

25 

45 

No bulge. 

5. 

65 

15 

55 

No bulge. 


5 
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xlie ef'fectiV'-, anplo of incidence p' is calculated using 


V elo 

cit; 


diagram for ; 
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pez 

Cl 
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rami'Q 
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l:a- 

to 

the miler 


, 0 


SI 


the cente'j- to accomodate the detonator is inserted. 


Table 1 gives the details of the experiments done by 
changing the position of the charge (Fig. 6(a)) keeping the charge 
veif'^t 9-25 gas. 

The diameter of bulged tube is measured at the previously 
marked circles at intervals of 5 mm frora the ba-ck end of the tube- 
plate. The bulging in terms of radial atraiJi represented as 
1 j;i(S±^L£) ^ -where h. D = amount of bulge, D = oilginal diameter 
of the tube, is x>lotted against axial distance in Fig. 7. 

Bulged tube (ibcpt. Eo. 1) is shox-m in Fig. 8. Tube with 
longitudinal crack is shown in Fig’. 9. 


SBT - B : YABIAHLB CT.IABGE WEIOIT TESTS 
(.1) Using solid charge ; 

The results of the experiments of SET-A show that there 
is no bulging of the 'babe -when the distance of the back face of 
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TlBLE-2 VARIABLE CHARGE ¥EIQIT TESTS (SOLID CHARGE). 


EXBT. 



X 

TOTAL WT. 

RESULT 

HO. 

J± 


OF CHARGE 



(mm) 

(mm) 

(mm) 

(gms) 


6 

25 

75 

70 

32. 25 

Back end of the 


tube sheared off, 
and the tube-plate 
got a longitudinal 
crack. 


Back end of the 
tube sheared off, 
and no crack in 
tube-plate. 


7 


45 


55 


50 


23.10 
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the charge from the hack end of the t-ube-plate, L^, is gro^atei'’ 
than or 9 :;ual to 45 Eia. H corev or bulginf: occurs for less than 45 
end hulgi.ng is linated to a length of 35 nm for ejttreme cases 
when L^, is equal to 25 nun. therefore exneriraents in SE!?-B(l) are 
designed to ensure lulglng with hack face of the charge at a 
maximum distance of 45 mra frcaa the hack end of the tuhe-plate 
(Pig. 10). Charge qi:'.antity is increased hy increasing length of 
the chargee keeping the front face of the^ charge at the same 
position for all cacos, thereby, decreasing; L^. Since the mass 
per unit length ox ilic cha.rge is same as that of SET-A, informa- 
tion listed in ’ calculxti on for charge weight' for successful 
welding applies to rJEI'-j-? (1) also. Pig, lOA. 

Experimental!- details are given in Table 2 (PignlO). 

It is noted from the results (Table 2) that back end of 
the tube sheared off in both the experiments, even thougjh the 
conditi Oils listcjd ir- Section 1,5.1 are satisfied. This clearly 
shows that not only tl:-o mass per unit length or? the charge but 
the total qua:ntity o:[' c.i-argo should also be considered for success- 
ful wel fling. To get successful weld, the quantity of the charge 
is reduced 'by i, sirug '.‘,1 clxow cVia,rgo. 


Cracked tube-plate (Bxpt.x.No, 6 ) and back ond of. the tube- 
XC.ate (showing signs ol sheared off tube) are shown in Pig.ll and 
Pig. 12. 
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TiffiLE-3 VAEIiffiLE CHlEGE WEIGHT TESTS (HOLLOW CHARGE ) 


EXET. 

HO. 



X 

TOTAL ¥T. 

OE CHARGE 

RESULT 


(mm) 

(mm) 

(mm) 

(gpas) 


8 

45 

55 

50 

12.3 

Ho bulge. 

9 

40 

60 

55 

13.6 

Ho bulge. 

10 

35 

65 

60 

14.8 

Ho bulge. 

11 

30 

70 

65 

16.0 

Bulge occurs 
■witb a tbin 
longitudinal 
crack in the 
tub e~plate. 

12 

25 

75 

70 

17.3 

Bulge occurs. 


26 


(2) UGlvig ilOllOW CV. t 

13’(s.) a-'K-ys tl:.e arraJLjremerit UGed with hollovr char^^e 
(rig. 13 (b)). The ■■•■.ok face of the chsirgo io kept at a distance 
of la = 45 f-QK. froai the back end of the tch e-pl et e, .-'n-l charge 
ouazvtity io incrciaved by incre-s-oirg the 1 erc+ti ci the charge as 
dvone in SZ]1T-B(l)- By m^-jiking the cb.arge licllow, the total impact 
oii.crgy is reduced, ho^.^rc-weT it is ensured that the imnact velocity 

1 

is greater than the minimum required. 

'Ih.e details of the experiments are given in fable 3. 


i'he diameter of the bulged tube ic meesured at the 
’rreviovoly marked circles at intervals of 2,5 mm from the back 
eov'} of tae tube-pl.oto. The bulging interns of radisJ. strain 
renresented as ln(~ " - F"— ) , is plotted a>'.ainct accial distance 

(Big. 14 ). 

Bulged tubas (Expt. Bo. 11 and 12) are shown in Pig. 15 
• i,nd 16. Tub e-plat 0 with a thin longltudinjJ. crack is shorn in 
Pig. 17 . 


SIT - 0 : MULTI. HOIP V/HIjiBIB LIG-iiMMT THIClUESS TESTS 

Multi hole v'ixiabl'C ligament thickness tubo~pla,teo as shown 
in Pig. 10 are prepar'ccl. Copper and stainlcas steel tubes are cut 
fo siije (Pig. 19(a)), Outer surf ac®o of tbio tubes are clejned to 
remeve any contamiii'-cts. Charge packs, with dimensions ;,s shown 
irj Pig. 19 (b), are prepared in a similar manner as for SBT-A. , It 
Is ensured that various condttidiis listed in Section 1,5.1 are 
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satisfied for successful wd-ding. Copper and staiiiLcss steel 
tubes are welded in the central hde of two identical tube-plates. 
Radial distortion of the adjoining holes (iik R) is measured and 
is plotted against ligament thickness, Pig. 20, 

Multi— hole tube-plate with distortion of adjoining hole 
when a tube is waLded in the central hole is shovm in Pig. 21. 

2.5 UllRASOinC Ihc.fniG : 

The pulse-echo method of ultrasonic non-destructive 
testing is used to check the soundness of the waLded specimens. 
Ultrasonic flaw detector - UPD 6255 [26] is used to detect any 
appreciable discontinuity or inhcmogeneity of elasticity or 
density in the specimen. Thus it is possible to find and, locate 
cracks Or inclusions within the solid mass of specimen. The- 
soundness of the joint bonded by various methods can also be 
tested [27]. Straiglit beam contact tsrpe probe having base dia- 
meter of 20 mm and 2.5 B'lHz pulse frequency is used. 

2.3.1 Calibration of the Instrument 

The instrment is calibrated by making a test block with 
a hole at a known distance of 6 cm as shown in Pig. 22(a). The 
back echo coning from the discontinuity (hole) is set at 10 cm on 
CRT Scale of the instrument, keeping the main bang at zero position 
as shown in Pig. 22(b), Thus a distance of 6 cm is represented 
by 10 cm on CRT scale. 
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2.3*2 Surface preparation of test piece 

The surface of the test specimen must he capable of 
causing minimum attenuation of the sound -waves transmitted from 
the transducer. Also the whole area of the probe base should be 
sealed over the test piece. Therefore, the upper surface of the 
welded specimen is machined by milling and surface grinding 24 mm 
flat at diametrically opposite position along the length of the 
tube-plate (Fig. 23(b)). A thin layer of oil is used as a coup- 
lant to provide a perfect acoustic coupling between the probe 
face and test piece surface. 

2.3.3 Interpretation of output signal 

The signals ccming from the specimen on the CRT scale are 
intei’preted as shown in Fig. 23(a). When the centre line of the 
cylindrical probe is out of welding zone (as shown in position A), 
signal is reflected frcfn the surface of the hole in the tube— plate 
as indicated by point a. positions B and C represent probe posi- 
tion in the expected welding zone, depending upon the charge 
position. When the weld is perfect, the signal is reflected from 
the inner surface of the copper tube as indicated by point b. 
However, if the weld is not sound the signal is reflected from 
the surface of the hole in the tube— plate as indicated by point c. 
Sometimes two peaks (back echos) may appear on the CRT scale 
(one frail the inner surface of the copper tube and another from 
the surface of the hole in the tube-plate) , depending on the 
nature of flaw. At position D, the signal is reflected from the 
inner surface of the hole in the tube— plate as indicated by point d. 
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2.3.4 Results of tlie tests 

% 

Results of ultrasonic tests are shovm in Pigs. 24 and 
25. Distance of the centre of prohe (at an interval of 5 cim) 
from the back end of the tube-plate is plotted against readings 
of the calibrated GRl scale. Levels a’, o' and b’, d' in the 
Pigs. 24 and 25 represent signals coming from point a, c, b and 
d (Pig. 23(a)) respectively. c*’ r^resents the average reading 
when two peaks appear on the CRT scale. Explosive charge posi- 
tion is also shown in Pigs. 24 and 25. Calibration of the 
instrument is shown in Pig. 26. Pig. 27 shows signals from point 
a (Pig. 22(a)) on the CRT scale (out of welding zone). Pigures 
28 and 29 represent signals from perfectly welded surface and 
welded surface with a flaw for two different welded specimens. 

Various results obtained in this chapter are discussed 


in the next chapter. 
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Tube - plate 


Explosive 


Detonator 


(a) Exptl. configuration 



all dimensions ore 
in m m - 


(b) Charge pack 

FIG. 6 VARIABLE CHARGE POSITION TEST 


f 

i 


40 


0 10 20 30 

Distance from the back end of the tube -pi ate 

FIG. 7 RESULTS OF BULGING FOR VARIABLE CHARGE POSTION TEST 










Tube -plate 



ExptL configuration 

FIG. 10 VARIABLE CHARGE ! WEIGHT TESTS (Solid charge) 




28.7 


3S 



all dimensions arc in mm 


(a ) Tube 



(b) Charge pack 


FIG. lOA variable CHARGE WEIGHT TESTS (SoHd charge) 






Tube -plate 


Explosive 






-L^ s;3umm (expt.rso.n 
■L^ =25mm (cxpt.no.12 

Mali. Copper 

Dia 2 8-7 mm 
Thickness 1- 75 m m 


\ 

SO 

\ 


jf X 


Distance from the back face of the tube -plate 









pjG. 17 tube plate showing A THIN LONGITUDINAL 
CRACK {Expt . no. 11 ) 
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70 

.-t = 1-75 
i_ 

r 


Matt coppff 

(a ) Tube 





(b) Chorge pack 


all dimension are 


FIG. tS MUiTt HOLE VARIABLE LIGAMENT THICKNESS TESTS. 
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Ligament thickness, mm 
OF 

FIG. 20 VARIATION RADIAL DEFORMATION OF ADJOINING HOLE WITH 
LIGAMENT THICKNESS 




(a) A stainless steel tube is welded in the central hole 



lt>) A copper lube is welded in the central hole 


FIG. 21 MULTI HOLE TUBE PLATE WITH VARIABLE LIGAMENT 
^ " THICKNESS 




FIG. 22 CALIBRAHON OF ULTRASONIC FLAW DETECTOR 




FfG. 23 ARRANGEMENT FOR ULTRASONIC TESTING 
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Distance of the centre of probe from 





BRAT 



















CHiiPTER 3 


Discussion 03? RESULTS 

Explosive welding of tube to tube-plate is studied 
experimentally as regards tube bulging, and distortion of 
adjoining holes (or ligament distortion). The results are 
discussed in the following way s 

% 

3-1 BULGING OF UJLs 

Experiments on variable charge position tests (Table-1) 
show that no bulge occurs when the distance of the back face 
of the charge from the back end of the tube-plate L^, L^ ^ 45 
mm. For L^ = 35 mm the maximum radial strain occurs at a 
distance of 5 mm from the back end of the tube-plate. The tube 
does not show any vSign of failure. With = 25 mm, the radial 
strain is very higti (37.6x10 ) and the tube shows a longitudinal 

crack. The results of ultrasonic test (Fig. 24) show that a 
length approximately equal to the length of the explosive charge 
gets welded (except a minor flaw in Expt. No, 3) : the weld 
position is changiug with the position of the charge, even thou^ 
there is a sligjit bulge for L^ = 35 mm (Expt. JJo. 2), however 
the weld seems to be perfect. 

The effect of increasing charge weight for L^ = 25 mm and 
45 mm is recorded in Table-2. For = 25 mm the tube-opiate 
cracks (Fig. 11 ). The tubf sheared off at the back end for both 
^ the cases even thou^i for L^ = 45 mm for Expt. No. 7* By comparini 
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the results of Erpt. No.7 and Expt. E 0 . 3 , it is seen that hy 
increasing the charge wei^it from 9.25 to 23.10 gns to achieve 
welding on the whole length of the tuhe—plate the tube at the 
"bade end shears o.Cx« It is concluded that exccessive charge 
weich't which may otherwise produce tu"be velocity V. within 

u 

limit (oection l«j)«l) may cause damage to the tube and tube~ 
plate. 


The results of experiments using hollow charge varying 
frtm 12.3 to 17.3 t.'Puo are shown in Table-3. Distance L. is 

Ji. 

varied from 45 to 25 mm. Results of ultrasonic test show that 
the length of the welded portion corresponds with the length 
of the charge (Pig. 25 )• Welding on the whole length of the 

a.cA2e\/«xl 9*^ CoyrcsrfeytcLCn^ tAe, 

tube is filled with charge. However tube at the back end shows 
an exfcessive bulge with radial strain (45.3x10 5 . Radial strain 
is equally high (Pig. 14) for = 30 mm corresponding to 
wei^t of charge of 16 gns, and the test piece showed a thin 
longitudinal crack (Pig. 17). Por = 35 mm no bulge is 
observed and a fair length of the test piece gets welded (Pig. 25) 
without any flaw (Expt. No. 10). 


It is evident from the results that the charge wei^t 
and shape play a very important role in obtaining successfua 
welding, Por the present case a hollow charge of 14*8 gns 


corresponding to L^/D = 1.25 gives optimum results as regards 


bulging and welding over a length of the tube. 



54 


3, 2 IIGMENT DISTORTION 

Pigux*© 20 gRows "tile V'a.na.’tion of radial d^fonnaiion 
li^, sin ©n't "tliickriGSS for niild siool 'fcub©“pla't© for "two 
tube materials (1) copper (curve-B), and (2) stainless steel 
(curve-D). Theoretical curves from equation (4) (Section 1. 5.3) 
using following general properties of the materials are also 
plotted in the Fig, 20, 


TjffiLl'1-4 PROPSRTIES OF MATBRIiBS USED 


N lAteri:! 


Propertied' 


Mild Steel 
(Tube-plate) 


Copper Stainless steel 
(Tube) (Tube) 


Hardness 164 

(VHN) 

Density - 8,9 7.8 

(gm/cm^) 

—11 

K/a 1,54 X 10 

(for VH1^145) 
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SiacD the h-rdncGG of The mild steel tube-plate is 
somewhat ,<prcator tu.n tho hardness of the tube-plate used for 
finding (K/a) [:a] used in the equation 4 (Table~4), therefore 
oxperiroent.al values 01 r:.’.dial deformation of adjoining holes 
are lower than thoureticaJ. values for all ligcioent thicknesses, 
however thoro is a. need to estiiblish K as ca universal constant. 
Yvlxkes of rGpresivala.tivG stress 
plate raatorirJ. 


o should be f .0 vni. , f Or each tube- 



CKiPm 4 


CUi'iGLl. SlOWti ^u'!D SnOG-ES TICKS POR FURTHER WORE 
4-1 CO, \OLU SIGNS 

3?oHowiii£? conclusions .'Vi’c dnc-wn on "th-g Insis of experi— 
mentr.l results presented in this work ; 

(1) For welding' of copper tube of diameter 28-7 mm end 
thickness 1*T5 mm ijc niil-'l steel tube—plcite^ & hollow charge of 
14. B fills spread over r. length of 60 mm from the front end, and 
leaving ss 35 mm at tli ■> back end is optimum from the point of 
view of minimum bulf.e of lUe tube. 

(2) Ultrasonic tf;.:ting technique provides a satisfactory 

method for testing the ^'-fundness of the weld. However for 
commorcicil ap pi lent ion a is a need to develop a suitable 

prote which will acvji 1 rom the inside of the tube. 

( 5) The thccrctJ'al analysis proposed by ¥illiams [21] 
provide.? a reasonable c.atir-’ate of ligament distortion for the 
purpose of deal gni, * 

(4) A weldod plc'<in (Expt» ¥0,3) is cut into two halves 
as in Pig. 30. V/cld surface is cleaned and examined. It 

appears that upto a diutrinou of 30 ^ frcni' the front end of the 
tuber-plate no bonding occur.'*, after that for a length of 35 mm 
wold sotnis to .appear. However there is a need to, establish die- 
ponetrant tout for exact location of flaw within the welded 
r.vi'f; of the specimen. 
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FIG. 30 


A WEIDED PIECE (F.xpt.no.3) SHOWN IN 


TWO 
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4.2 SUGGiyTICJNG PO!; FURffiER WORK 

(1) There '• need to study the effect of charge 
on the del or.i.- tion on the bulging of tube and defor- 
mation of tubo-plMe in order to estimate the limiting 
ch'irgo. 


(2) Thoro in 


ul tra.oonl c t oo t, i n,-: 


riood to develop a suitable probe for 
or [.‘.Canning inside of the tube. 
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'.rui' 


'jm?: 

inr ‘o 


appbhdix-a 

i’;u’.L'lfLATION FOR CHARGE ¥EI(2IT 
^ i.i i. .. itjr iv4 (iven by Gurney's equation [23] 






I 


"7t » 
ri 


i’j 


2R 




2 + R 


X n 


(5) 


For c.':l cul'.ti n,''; i oil procedure is adopted. 
For ni, - 


Ku y 

of ho'’i uri i tj,;) 


('.Vfj) rr'l(!; s(Kl duri.ng caplosion (in terms 


(i; ■■■ ’ 4H6 X 10^ calAg- 

Using Fijait law oi g'-.^iatyaamics, can be written as ; 

K-., 

E 'a 

4 . i Yxl 4 86x10^ j oul os As 

^ 4*17x1486x10^ k^m^/sec^As 

% & 

K '}3KK4 ffl/soc 


R ratio ia er:ltoa:i,„t,,(i v/ith rof. to charge pack. 

«g ® wt, ot oxplOi7ivo/unit length 

a li/4 :: (dio of explosive chat ge) ^xdensity of the 

charge 

„ 1 - 1*4 « 4.62 ga/om. 
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« wt. of i;ul. c/unit length 


Ti X tube (iin,, x tube thickness x tube density 

s= 14.034 gm/cm. 


% X Of ?. 7 X. 1,75 X 8.9 




wt, c).r i'-‘.i'f<!r/unit length 

u X buri'cr dia.x buffer thickness x buffer density 

= 1.988 gm/cm. 


1 X r X 1.2916 

ICX) 


which fiWP R rrsir.o 
li « 


1.4.043 i fTW ^ 


0.288 


Now tnkin^ n » 0.24 : nd uuing Qurney^s equation (5) : 


V, 


423*92 I'fj/noc 


The effect tv ij an|.*l of incidenoo fj is calculated using velocity 
diagrraa for pnnv.ll cl r.rrwgamont (Pig. 


P 


V 

trnr^ { ^ ) 


» 


trh“*^ ( .i| | §p ) = 9^38’ 


Por pjtrollel ; 


. V„ . ,n/»oc. » Vj = ^ = 

« 2535*76 m/sec, 

and aonie velocities in the tubo-plat© and tube arej 


UTP 

Therefore 


;!i/;3oc, j ¥g^ « 4000 m/sec, 

< 1 


-pJU 


2500 

im 


nnd 


J 

^Sf 
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